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INTRODUCTION
Muscle oxidative capacity can be defined in vivo as the maximal rate at which a muscle can consume oxygen under conditions in which delivery of oxygen and substrate are not limited (Chance et al. 1985) . This rate thus reflects the maximal rate of oxidative phosphorylation in the volume of mitochondria present in the tissue. Currently, it is not clear whether muscle oxidative capacity declines in old age, as some investigators have reported lower oxidative capacity in older than younger individuals (Conley et al. 2000; Johannsen et al. 2011; Layec et al. 2013; McCully et al. 1993; Smith et al. 1998; Taylor et al. 1997) , while others found no difference (Chilibeck et al. 1998; Christie et al. 2014; Hart et al. 2014; Horská et al. 2000; Kent-Braun and Ng 2000; Kutsuzawa et al. 2001; Lanza et al. 2005; Lanza et al. 2007; Larsen et al. 2012; Layec et al. 2015; Taylor et al. 1984; Tevald et al. 2014; Tevald et al. 2010; Wray et al. 2009) or even a higher capacity in old compared with young (Larsen et al. 2012; Tevald et al. 2014) . It seems that at least a portion of this discrepancy may be due to differences in potential modifiers of oxidative capacity across studies, such as muscle group, habitual physical activity (PA) status, and sex.
Since the 1980s, researchers have probed the oxidative capacity of muscle in vivo by quantifying oxidative ATP production using 31-phosphorus magnetic resonance spectroscopy (MRS). This technique detects the phosphorus signal from an identified volume of interest in the muscle that contains several distinct peaks based on the resonant frequency of each phosphorus-containing compound (e.g., phosphocreatine (PCr), inorganic phosphate (P i ), ATP). The area under each peak indicates the relative concentration of each compound, which can be monitored continuously, noninvasively, and repeatedly. Following a brief contraction in which intracellular pH is relatively unaltered, the kinetics of PCr recovery follow a mono-exponential curve that is strictly attributable to mitochondrial ATP production Meyer 1988; Paganini et al. 1997; Quistorff et al. 1993) . From this D r a f t 4 curve, the rate constant of PCr recovery (k PCr , s -1 ) can be determined and used as an index of muscle oxidative capacity (Kent-Braun et al. 1995) ; this measure has become the "gold standard" for evaluating muscle oxidative capacity in vivo. Notably, oxidative capacity measured in this way using 31 P-MRS is highly reliable and well correlated with respirometry measures of mitochondrial capacity (Lanza et al. 2011) and oxidative enzyme activities (Larson-Meyer et al. 2001; McCully et al. 1993 ).
One of the key benefits of investigating muscle oxidative capacity using 31 P-MRS is the non-invasive and continuous nature of the data collected. However, it is important to note that some research questions will require an in vitro approach. For example, while 31 P-MRS measures can yield an indirect measure of a muscle's oxidative capacity, it cannot be used to determine mitochondrial content or potential molecular mechanisms of altered oxidative capacity with age. Further, 31 P-MRS only detects phosphorus-containing compounds within the cytosol, and so cannot be used to evaluate, for example, whether aging affects PCr shuttling of ATP from the mitochondria to the cytosol (Sahlin and Harris 2011; Walsh et al. 2001) . Likewise, it is important to acknowledge that mitochondria serve many functions in the cell, including energy production, reactive oxygen species signalling, and intrinsic pathways of apoptosis (e.g., mitophagy) (Hepple 2014) . It is possible that all, some, or none of these functions change with age and could contribute to alterations in in vivo oxidative capacity as measured by 31 P MRS.
The discrepant findings regarding age-related changes in muscle oxidative capacity to date are likely confounded by variations among study cohorts in age, muscle group(s) under study, sex, PA, health status, and muscle contraction protocols (e.g., relative intensity).
Indeed, a review on this topic published in 2004 concluded that future studies should account for the health status and PA of their participants (Russ and Kent-Braun 2004) , and to some extent this has occurred. Because PA is well documented to decrease from adulthood into old D r a f t 5 age (Colley et al. 2011; Troiano et al. 2008) , accounting for its effects in studies of agerelated changes in muscle oxidative capacity is essential. Likewise, results from recent studies indicate that different muscles, particularly those involved in locomotion, undergo different age-related changes in habitual loading patterns during movement; these differences have been suggested to explain a portion of the muscle-specific changes in oxidative capacity reported in old age (Larsen et al. 2012 Therefore, the purpose of this systematic review and meta-analysis was to obtain a comprehensive, quantitative evaluation of the published literature on in vivo muscle oxidative capacity and aging. We hypothesized that oxidative capacity would be moderated by muscle group, PA, and sex. To examine the quality of the studies included in our analysis, we also evaluated the magnitude of the contraction-induced changes in PCr and intracellular pH. Our analysis provides quantitative information regarding the pertinent characteristics moderating muscle oxidative capacity in older adults.
METHODS

PCr Recovery Method
This systematic review was restricted to studies in which muscle oxidative capacity was quantified using the MRS PCr recovery method (Marsh et al. 1993; Meyer 1988) . This approach has the advantage of limiting the influence of methodological approach on study outcomes, and focusing the review on age-related changes in oxidative capacity in vivo.
Optimal conditions for this measure include: full activation of the muscle volume of interest, D r a f t 6 depletion during contraction of [PCr] by ≈50% from baseline, and minimal change in intracellular pH Meyer 1988 (Lanza et al. 2011; Larson-Meyer et al. 2000; Layec et al. 2009 ) and are well-correlated with respirometry measures of mitochondrial capacity (Lanza et al. 2011) and oxidative enzyme activities (Larson-Meyer et al. 2001; McCully et al. 1993) .
Literature Search
The analysis was performed in accordance with the Meta-Analysis of Observational Studies (Stroup et al. 2000) recommendations. All searches were performed by the same investigator (L.F.F.) following instruction from a qualified librarian and with guidance from the co-investigators. Final searches were carried out on 8 September 2015. The literature search was conducted using the PubMed online database, with combinations of the following keywords and MeSH headings: "mitochondria OR mitochondrial," "oxidative capacity OR oxidative phosphorylation," "ageing OR aging," "nuclear magnetic resonance OR NMR OR magnetic resonance spectroscopy OR MRS OR magnetic resonance," "elderly OR older," "skeletal muscle," "physical activity," "creatine kinase OR phosphocreatine recovery OR adenosine triphosphate OR ATP," "bioenergetics," "metabolism," and "aerobic metabolism."
The search returned 3,561 articles and studies were included if they met all of the following Beginning with the 3,561 studies returned by our searches, papers were removed for the following reasons: 3,403 studies were removed because they did not include a direct comparison of young and older humans, 52 did not include a measure of oxidative capacity by PCr recovery kinetics, 43 were not original research articles, 28 were case studies, 3 were not written in English, 1 was not conducted in skeletal muscle, in 1 paper the statistics could not be converted to a standardized mean difference, and 1 paper had been retracted. A further 10 studies were removed because 1 or more search returned the same study (i.e., duplicates).
An additional 2 studies were removed because data were reported on the same participants as in an earlier paper by the same authors that was already included in our analysis. From the remaining 17 studies, authors were contacted if their results appeared to be from the same participants (e.g., similar group mean and variance for cohorts), and 1 additional study was removed. One study reported calculations for PCr recovery kinetics, but no data were presented. In this case, the corresponding author was contacted and the relevant results were kindly provided. The reference lists of the final 16 studies were manually searched for inclusion in our analyses, and an additional 6 studies were identified, bringing the total number of studies to 22. Some (n=4) of the included studies measured oxidative capacity in more than one muscle (e.g., KE and DF), or more than one cohort (e.g., physically active vs.
inactive). Accordingly, these studies have more than 1 effect size, bringing the total number of standardized effects (effects) to 28. None of the included studies were conducted in diseased populations.
Calculation of Standardized Effects
The standardized difference in means (effect) provides an index of the magnitude of an effect (Hedges 1984) . In the present analyses, effects were calculated as the difference in group means, divided by the pooled standard deviation (SD), using the Comprehensive MetaAnalysis software, Version 3.3 (Biostat, Englewood, NJ), as follows:
A fixed effects model was used to assess effects across studies, assuming samples were drawn from different populations and that there was one true effect. This model weighted each effect based on the sample size in each study. The fixed effects model was used as it directly accounts for the sample size in each study, and sample sizes are typically small in 31 P MRS experiments.
In the present analyses, we selected indices of oxidative capacity in the following order: 1) k PCr (s -1 ), 2) tau or t 1/2 (s), and 3) V max (mM ATP.s -1 ). This order was chosen to limit the number of biochemical assumptions made to obtain the variable (i.e., V max was used only if necessary, as additional assumptions are required for that calculation). In studies that had 2 exercise bouts (n=2) we chose either the first exercise bout if both bouts were of the same intensity, or the more intense exercise bout if one bout was performed at a higher intensity, as the latter condition was assumed to activate a greater portion of the muscle mass under study.
In the one study where values from the more intense exercise bout were used, there was no difference in end-contraction pH between young and older groups (p=0.31, based on t test using reported data). Data were coded such that a positive effect indicated greater oxidative capacity in older compared with younger adults.
D r a f t
Evaluation of Bias
Publication bias was assessed through the construction of a funnel plot of effects versus standard errors (SE). Asymmetries or gaps in a funnel plot suggest the presence of a publication bias (Christie et al. 2011; Egger et al. 1997) . Also, potential bias was accounted for quantitatively in the calculation of the overall effect and the effect for each moderator by weighting the effects on the basis of their SE.
Calculation of Heterogeneity
If the effect of age on oxidative capacity was the same for all 22 studies included here, then the effect would be entirely homogenous, regardless of the direction of the result.
However, if the effect of age on oxidative capacity differs across studies, the effect becomes heterogeneous (Sutton and Higgins 2008) . In our analyses, we evaluated the heterogeneity of effects using the 95% confidence interval (CI) around the mean effect, and by calculating the Q and I 2 statistics, using Comprehensive Meta-Analysis. The Q statistic is calculated as the sum of squares of the effect for each study, divided by the overall mean effect. A statistically significant Q indicates heterogeneous standardized effects. The I 2 statistic describes the percentage of total variation across studies due to heterogeneity, and is calculated as follows:
Where Q and df represent the Q statistic and degrees of freedom, respectively. Negative values of I 2 are set equal to zero, so that interpretation of I 2 lies between 0-100 percent, where a larger value represents greater heterogeneity (Higgins et al. 2003) .
Moderator Coding
Moderators are factors that have been suggested to contribute in a meaningful way to age-related differences in muscle oxidative capacity. For the purpose of this analysis, moderators were selected based on those commonly included in the discussion sections of the D r a f t 10 22 studies evaluated here, as well as in a previous review paper (Russ and Kent-Braun 2004) .
All moderators in this analysis were coded as categorical variables, in line with MOOSE recommendations (Stroup et al. 2000) . The following moderators (and categories within each moderator) were identified for this study: muscle group (dorsiflexors, DF; plantar flexors, PF; knee extensors, KE; upper extremity, UE), sex (women, men, or mixed groups), and PA status (low, moderate, or high). To evaluate the potential influence of variations in experimental conditions, PCr depletion (% resting; young > older, young < older, or no difference, as reported in each study) and pH (young ˂ older, young ˃ older, or no difference, as reported in each study) following the contraction protocol were also examined as potential moderators. One study was not included in the sex analyses because their young group was all males and the older group contained one female. However, this study was included in all other analyses. Physical activity status was coded based on the classifications used in the original article, and only where PA was measured by questionnaire or accelerometry. Only 1 study examined the forearm flexors, and 3 studies examined finger flexors (e.g., flexor digitorum superficialis). Unlike the muscles of the lower extremity, neither of these muscle groups is involved in ambulation, and as such these four studies were grouped together as 'UE' in our analyses.
RESULTS
Twenty-two studies were included in the present analysis. The mean ages, number of effects, and number of studies for each direction (i.e., positive or negative effect in old compared with young) for all studies are presented in Table 1 . Fourteen effects (from 12 studies) indicated greater muscle oxidative capacity in older compared with young muscle, 13
effects (from 12 studies) indicated lower muscle oxidative capacity in the older muscle, and 1 effect indicated no difference in muscle oxidative capacity between young and older muscle (Table 1) .
D r a f t
In 4 of the included studies, no participants were taking any medications (Smith et al. 1998; Taylor et al. 1984; Taylor et al. 1997; Wray et al. 2009 ). In 4 of the included studies, the number and type of medications that older adults were taking was not specifically addressed (Chilibeck et al. 1998; Horská et al. 2000; Kutsuzawa et al. 2001; Waters et al. 2003) . In 10 of the included studies, no participants were taking any medications known to affect muscle or metabolic function (Christie et al. 2014; Hart et al. 2014; Johannsen et al. 2011; Kent-Braun and Ng 2000; Lanza et al. 2005; Lanza et al. 2007; Larsen et al. 2012; Layec et al. 2015; Layec et al. 2013; Tevald et al. 2010) . In 1 study, 9 out of 22 older women were receiving hormone replacement therapy (Conley et al. 2000) . In another study, 17 out of 27 older adults were taking non-steroidal anti-inflammatory drugs for chronic low-back pain (Mattei et al. 1999) . One study reported 1 older adult to have a history of myocardial infarction, but medications for this individual were not reported (McCully et al. 1993 ).
Lastly, in one study, subjects took angiotensin-converting enzyme inhibitors (n=3), angiotensin receptor blockers (n=1), diuretics (n=2), statins (n=4), and hormone replacement therapy (n=1) (Tevald et al. 2014) .
Standardized Effects
A total of 28 effects were analyzed from 22 studies; these are grouped by muscle and summarized in Table 2 . The overall effect of age on muscle oxidative capacity was positive and significant (Table 2) , indicating modestly greater oxidative capacity in older compared with young muscle.
Heterogeneity and Bias
Our analyses indicate significant heterogeneity regarding age-related differences in muscle oxidative capacity across studies (Q=245.8, I 2 =89%, p<0.001). The funnel plot an effect of -7.65, but this does not change the interpretation of the funnel plot.
Moderators of the Effects of Age on Oxidative Capacity
To evaluate how the moderators influenced the relationship between age and oxidative capacity, each moderator was examined with the use of sub-group analysis. The number of effects for the sub-groups of each moderator are presented in Table 3 , along with the effect (Hedges' g), 95% CI, p-value for the Q-statistic, and I 2 statistic. The Q-statistic was significant for the sub-groups of each moderator, with the exceptions of moderate PA, and younger adults having a higher pH than older adults at the end of the contraction protocol.
However, of the 28 effects included in this analysis, only one study found pH at the end of contraction to be higher in younger adults compared with older adults. Therefore, the Q-and I 2 statistics cannot be interpreted for this sub-group of the moderator. The significance of the Q-statistic for the majority of moderator sub-groups indicates high heterogeneity across studies, which is also reflected in the I 2 values shown in Table 3 .
Muscle Group. The overall and sub-group effects for muscle group as a moderator are shown in Table 2 . The effect was positive for UE (p=0.01) and DF (p<0.001), but negative for KE (p<0.001) and PF (p=0.492); overall sub-group effects were significant only for KE, UE, and DF. The varying direction of the effects across muscle groups indicates that oxidative capacity is influenced by age differently, depending on the muscle under study.
The effect and 95% CI for each muscle group is illustrated in Figure 2 , showing the heterogeneity of effects across studies.
Physical Activity. The effects for PA were positive across the 3 sub-groups used for categorization of studies: low, moderate, and high. However, the effect was modest for low D r a f t 13 illustrated in Figure 2 . The distribution of effects between low, moderate, and high indicates that the majority of studies examined participants with low PA. Nine effects from 9 studies did not measure or report an accelerometry or questionnaire measure of PA.
Sex. For the moderator analyses, sex was categorically coded as male, female, or mixed groups for each study. These results are summarized in Table 3 . The effect was positive for males (p=0.002) and the mixed groups (p=0.008) analyses, but negative in the female group (p=0.001).
Study Conditions: PCr and pH. Sub-groups for end-contraction PCr level were coded as no difference in PCr depletion between old and young, a greater PCr depletion in old compared with young, or a lower PCr depletion in old compared with young. The number and magnitude of effects for each sub-group is shown in Table 3 . Importantly, most studies (n=14 effects) observed no difference in PCr depletion between older and young adults, indicating that these studies met the criterion of similar PCr depletion between groups.
Similarly, sub-groups for end-contraction pH were coded as no difference between old and young, higher pH in old, or lower pH in old. Only one study reported a lower pH in old muscle following the contraction protocol; this study also had the largest effect of age on muscle oxidative capacity. Importantly, the majority of studies (n=15 effects) reported no difference in end-contraction pH across age groups, again indicating that these studies were generally well-designed.
DISCUSSION
The purpose of this study was to provide a quantitative analysis of the existing literature regarding age-related changes in muscle oxidative capacity in vivo. Figure 2 ). Specifically, UE and DF exhibited greater oxidative capacity in older muscle, while KE and PF muscles had lower oxidative capacity in older compared with young. These results provide strong new evidence that the current body of literature supports the hypothesis that the effects of age vary by muscle. It is likely that this difference across muscles is, in part, due to age-related differences in PA patterns, as suggested by Larsen et al. (2012) . It has also been suggested (Coggan et al. 1990 ) that the lower maximal whole-body aerobic capacity of older adults, which results in day-to-day activities being performed at a higher relative workload, may be sufficient to result in training-like adaptations in some but not all muscles. Further, gait mechanics have been shown to change with age, such that the total support torque is achieved via different contributions in young compared with older adults. Specifically, with age the KEs and PFs contribute less and the hip extensors contribute more of the total support torque during gait (Boyer et al. 2012; DeVita and Hortobagyi 2000) .
Generally, our analyses demonstrate a modestly increased muscle oxidative capacity in vivo in older adults. However, there is significant heterogeneity in this result, largely due to variations in the muscle studied. During locomotion, the tibialis anterior is recruited to a similar extent regardless of walking or running speed; conversely, recruitment of the vastus lateralis increases with speed (Cappellini et al. 2006 ). As such, it has been suggested that higher intensity activities might be needed to preserve oxidative capacity in the KE; indeed, in vivo oxidative capacity in the vastus lateralis of older adults is significantly associated with daily minutes of moderate-to-vigorous PA (Larsen et al. 2012) . In contrast, DF oxidative D r a f t capacity may be preserved the by usual locomotory activities of healthy, community-dwelling older adults.
Five effects were reported for the KE, all of which were negative (see Table 2 ). While all 5 studies indicated lower muscle oxidative capacity in the old, there was significant heterogeneity in this result (I 2 = 0.94%, Table 3 ), reflecting the large range of effect sizes across the 5 studies. It is likely that this range in effects for the difference in KE oxidative capacity with age is due to variations in participant characteristics, such as sex and PA, across studies. Further research is needed to address the potential mechanisms by which in vivo oxidative capacity is reduced in the KE muscles of older adults.
Eleven effects were reported for the PF, which consist of the soleus and both medial and lateral heads of the gastrocnemii. Given that these muscles have varying architecture, fiber-type composition, and functional roles, it is reasonable to anticipate that a portion of the significant heterogeneity of results in this muscle group could have been due to sampling different portions of the PF. Future studies that systematically examine the muscles important for ambulation and balance, as well as the moderating effects of PA on these muscles, are needed.
Physical Activity. Of the 22 studies (28 effects) included in our overall analysis, only 13 studies (19 effects) included a measure of PA, and of those, 10 studies (13 effects) used objective measures of PA (i.e., accelerometry). Each of the sub-groups of PA (low, moderate, and high) showed a positive effect that varied widely in magnitude (Table 3, Figure   2 ). It is notable that the sub-group of studies reporting low PA were nearly evenly split in terms of the effect of age on muscle oxidative capacity (Table 1) . The paucity of studies that included cohorts with moderate and high PA render interpretation of these sub-groups difficult.
D r a f t
Overall, these results confirm that it is imperative to account for PA when investigating the primary effects of age on human skeletal muscle oxidative capacity. In our analysis, we included studies that accounted for PA by use of questionnaire or accelerometer.
Because questionnaire measures of PA are susceptible to recall bias and social desirability (Strath et al. 2013) , objective measures of PA (e.g., accelerometry) are the preferred measure for quantifying PA volume and intensity. Finally, a potentially fruitful avenue for future research includes exercise interventions that are designed to determine the magnitude of exercise required to elicit a meaningful increase in muscle oxidative capacity in older adults, that is, an increase sufficient to produce clinically-relevant improvements in energy metabolism and mobility.
Sex. The effects for male and mixed groups of participants were positive, but studies with only females yielded a negative effect, indicating higher oxidative capacity in older compared with young males, and in young compared with older females (Table 3) . Along with this apparent age-by-sex interaction, it should be noted that there was significant heterogeneity across studies for each sex sub-group (Figure 2) . It is important to acknowledge that the mixed sex sub-group had a considerably larger number of effects (n=18) than male (n=6) or female (n=3) only groups, again making definitive interpretations difficult. Future studies examining muscle oxidative capacity with age should include both sexes with sufficient sample sizes to elucidate the potential confounding factors driving the apparent interactions between age, sex, and muscle oxidative capacity observed in this study. (Table 3) . Likewise, it is important to note the extent of PCr depletion for the studies included in our analyses were within the 20-70% range appropriate for application of Meyer's linear respiration model for evaluating in vivo oxidative capacity (Meyer 1988) .
Another important methodological concern in 31 P-MRS experiments is the degree of acidification during and following the contraction protocol, as significant acidosis will slow the rate of oxidative phosphorylation and thus PCr recovery . As long as the change in pH is small, the resynthesis of PCr is attributable strictly to mitochondrial ATP production Meyer 1988; Paganini et al. 1997; Quistorff et al. 1993 ) and follows a mono-exponential time course. In our analysis, 15 effects from 14 studies formed a sub-group with no difference in pH at the end of contraction between age groups (Table 3) .
Only 1 effect indicated a lower pH in older muscle at the end of contraction, and the difference in pH between groups was modest (7.02 vs. 7.04 units). Conversely, 7 effects from 7 studies found younger muscle to have a lower pH at the end of contraction than older muscle. Of the 22 studies included in our analysis, only 1 study reported a large difference in pH (0.5 units), and this did not differ between young and older muscle. Overall, the changes in PCr and pH induced by the various contraction protocols indicate comparable metabolic conditions in the muscles of young and older adults. These results support the notion that the studies included in our analysis were generally well-conducted and met the criteria for quantifying in vivo muscle oxidative capacity using the PCr recovery method.
Additional Factors
In this systematic review and meta-analysis, we quantified the contributions to agerelated differences in muscle oxidative capacity by the most commonly-suggested moderators of this relationship. We acknowledge that some of these moderators may interact with each D r a f t other to further influence the relationship between age and oxidative capacity, but clarification of these potential interactions will require studies designed with that goal in mind. For example, the finding of a significant sex effect is currently based on only a few studies; a more complete evaluation of muscle oxidative capacity in men and women is needed.
Factors other than those considered here also may moderate the relationship between muscle oxidative capacity and age. For example, some authors have reported that muscle perfusion capacity limits its oxidative capacity (Haseler et al. 1999 ). There are discrepancies in this result such that insufficient oxygen delivery can limit muscle oxidative capacity in highly-trained individuals, but this is not the case in sedentary individuals (Hart et al. 2014; Haseler et al. 2004 ). To date, there is a lack of sufficient data examining changes in perfusion and oxidative capacity of muscle in aging to permit a formal analysis of perfusion as a moderator of age-related changes in muscle oxidative capacity in vivo. Likewise, muscle fiber composition may change toward a slower phenotype with age (Jakobsson et al. 1990; Lexell et al. 1988) , habitual PA decreases across the lifespan (Troiano et al. 2008) , and aerobic fitness is lower in old age (Proctor and Joyner 1997) . As such, these factors, and others, may impact age-related changes in muscle oxidative capacity. To date, the dearth of research examining these variables in addition to measures of oxidative capacity in vivo precluded a formal statistical analysis of their moderating effects in this systematic review and meta-analysis.
Two additional knowledge gaps have been identified by our study. First, to date, few studies have quantified muscle oxidative capacity in very old (>80 years) individuals, nor have chronological studies of in vivo oxidative capacity been performed in the aged. Second, the extent to which the moderators of oxidative capacity identified here influence in vitro measures of oxidative and mitochondrial function remains to be fully determined.
D r a f t
Finally, the observation that, overall, muscle oxidative capacity is maintained or even enhanced in older adults when measured in vivo by 31 P-MRS is in contrast with some studies reporting deleterious effects of old age on mitochondrial function in vitro (Short et al. 2005; Tonkonogi et al. 2003) . It should be noted that, when mitochondrial function is measured in isolated mitochondria, the organelle is susceptible to structural disruption (Hepple 2014; Picard et al. 2011b) , which can exaggerate the magnitude of age-related impairments in mitochondrial function compared with saponin-permeabilized fiber bundles (Picard et al. 2011c ). This latter in vitro approach does not disrupt organelle structure (Saks et al. 1998 ).
In fact, some studies using permeabilized myofiber bundles from human vastus lateralis muscle have found no effect of age on maximal mitochondrial respiratory capacity (Gouspillou et al. 2014; Hütter et al. 2007 ). Interestingly, one such study reported a muscledependent decrease in state III respiration with age in rats, such that muscles with a slower phenotype exhibit a reduced oxidative capacity with age and muscle with a faster phenotype demonstrate a propensity for preservation with age (Picard et al. 2011a 
Moderators
Muscle Group
KE 0 (0) 0 (0) 5 (5) PF 5 (4) 0 (0) 6 (5) UE 3 (3) 0 (0) 1 (1) DF 6 (6) 1 (1) 1 (1) Physical Activity High 1 (1) 0 (0) 1 (1) Moderate 1 (1) 0 (0) 1 (1) Low 8 (7) 1 (1) 6 (6) Not reported 4 (4) 0 (0) 5 (5) Sex Mixed 10 (9) 0 (0) 8 (8) Female 0 (0) 0 (0) 3 (2) Male 4 (3) 1 (1) 1 (1) D r a f t
